Abstract Human cord blood cell-derived IgM antibodies are important for the neonate immune responses and construction of germline-based immunoglobulin libraries. Several previous studies of a relatively small number of sequences found that they exhibit restrictions in the usage of germline genes and in the diversity of the variable heavy chain complementarity determining region 3 compared to adults. To further characterize such restrictions on a larger scale and to compare the early B-cell diversity to adult IgM repertoires, we performed 454 sequencing and IMGT/ HighV-QUEST analysis of cord blood IG libraries from two babies and determined germline gene usage, V-D-J rearrangement, VHCDR3 diversity, and somatic mutations to characterize human neonate repertoire. Most of the germline subgroups were identified with frequencies comparable to those present in the adult IgM repertoire except for the IGHV1-2 gene that was preferentially expressed in the cord blood cells. The gene usage diversity contributed to 1,430 unique IGH V-D-J rearrangement patterns while the exonuclease trimming and N region addition at the V-D-J junctions along with gene diversity created a wide range of VHCDR3 with different lengths and sequence variability. We observed a lower degree of somatic mutations in the CDR and framework regions of antibodies from cord blood cells compared to adults. These results provide insights into the characteristics of human cord blood antibody repertoires, which have gene usage diversity and VHCDR3 lengths similar to that of the adult IgM repertoire but differ significantly in some of the gene usages, V-D-J rearrangements, junctional diversity, and somatic mutations.
Introduction
Characterization of large antibody libraries and potentially the immunoglobulin (IG) repertoire generated at different times by the immune system are now possible with the advent of high-throughput next-generation sequencing (NGS) technologies (Dimitrov 2010; Fischer 2011; Persson 2009 ). Recently, large numbers of antibodies from zebra fish (Jiang et al. 2011; Weinstein et al. 2009 ) and humans (Boyd et al. 2009 (Boyd et al. , 2010 Collins et al. 2011; Fischer et al. 2010; Glanville et al. 2009; Wu et al. 2011 ) have been sequenced and analyzed using the NGS methods. The large-scale sequencing studies have provided valuable insights on the breadth of antibody repertoires expressed and immune B cell diversity-germline gene usage, junctional diversity, and somatic mutations. As a part of our studies of components of the human IG repertoire and to further understand initial responses to immunogens, we have been generating IgM antibody libraries and characterizing IgM monoclonal antibodies (Dimitrov 2010) . Particularly, we are interested in the umbilical cord blood libraries containing B lymphocytes that presumably have not been exposed to exogenous antigens and have been used as a source of naturally occurring unmutated or minimally mutated pre-immune antibodies (Casali and Schettino 1996; Ridings et al. 1997) . These germlineencoded natural antibodies could possibly play a vital role in the development and physiology of the human B cell repertoire as well as have the ability to bind a variety of exogenous antigens (Bobrzynski et al. 2005; Cooke et al. 1993; Messmer et al. 1999; Rodman et al. 2001) . Furthermore, the human neonatal IgM antibody repertoire was found to be invariant and directed toward a limited set of self-antigens that could represent the targets for unmutated antibody specificities (Mouthon et al. 1995) . It was already noted that human fetal, cord blood, and adult sources exhibit comparable IG repertoires with respect to IGHV and IGHJ gene usage with only modest differences in the variable heavy chain complementarity determining region 3 (VH CDR3; Kolar et al. 2004) . However, several studies of human and mouse antibody repertoires expressed during fetal life and at birth showed restrictions in variable (V) gene usage, somatic mutations, and VH CDR3 length (Bauer et al. 2001; Mortari et al. 1992; Ridings et al. 1997; Schroeder et al. 1987 Schroeder et al. , 1999 Williams et al. 2009 ). Specifically, previous studies on human cord blood antibody repertoires contributed to the understanding of some of the characteristics of early B cell repertoires (Feeney et al. 1997; Mortari et al. 1993; Richl et al. 2008 ). However, all previous studies on the cord blood-derived antibodies were limited by sampling statistics due to the unavailability of massive parallel sequencing at that time. Here, we used high-throughput 454 sequencing and IMGT/HighV-QUEST (Alamyar et al. 2010 (Alamyar et al. , 2011 analysis of human cord blood antibody libraries from two babies to assess the extent of germline gene usage, distinct patterns of V-D-J rearrangements, exonuclease trimming and N region addition in the creation of VH CDR3 and somatic mutations existing in the cord blood repertoire. We found that gene usage is similar to that of adult IgM but with a significant shift in the IGHV1-2 gene usage in the neonate repertoire, and that VH CDR3 lengths are not restricted in the cord bloodderived heavy chains; however, amino acid (AA) compositions could not be the same between cord blood and adult IgM repertoires due to differences in V-D-J rearrangements and in junctional diversity due to exonuclease trimming and N addition. The large datasets of cord blood IgM antibody sequences analyzed in this study will be helpful to understand human IG repertoires and provide insights into the functional paratope diversity available for human neonates.
Materials and methods

DNA isolation, amplification, and 454 sequencing
Two cord blood samples from an African-American female baby and a Caucasian male baby with normal medical histories, designated as CB1 and CB2, respectively, were obtained from the National Disease Research Interchange, Philadelphia, PA, USA. Care was taken not to contaminate the cord blood samples with maternal blood. As a source for amplification of antibody sequences, cDNA was prepared from cord blood of two babies according to the reported protocol (Chen et al. 2009 ). The complete set of primers used in the PCR amplification of IgM-derived heavy and light chains were described in detail elsewhere ). Briefly, PCR amplifications were performed with a mixture of primers in which the 3′-ends corresponded to the first seven codons of IGHV1-7, IGKV1-6, and IGLV1-9 families according to the IMGT numbering for coding regions (Lefranc 2011b; Lefranc et al. 2003) . PCR amplifications of constant domains were achieved by a sense primer specific for CH1 domain of IGHM spanning first eight codons and anti-sense primers specific for IGKC and IGLC domains spanning last eight codons at the 3′ corresponding to the numbering schemes of IGKC and IGLC1 regions annotated in the IMGT (Lefranc 2011b; Lefranc et al. 2005) . For 454 sequencing, primer combinations used to amplify cDNA in separate reactions included the Roche A and B adaptor sequences along with target amplification sequence for heavy and light chain variable domains. For heavy chain, rHF5: 5′-CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG ATC AGA CAC GTG GGG CGG ATG CAC TCCC-3′ (sense, for cord blood 1), rHF6: 5′-CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG ATA TCG CGA GTG GGG CGG ATG CAC TCCC-3′ (sense, for cord blood 2), and rHR1: 5′-CCT ATC CCC TGT GTG CCT TGG CAG TCT CAG GCT GCC CAA CCA GCC ATG GCC-3′ (antisense, for both cord blood). For light chain, rLF5: 5′-CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG ATC AGA CAC GTG CAG CCA CAG TTCG-3′ (sense, for kappa light chains of cord blood 1), rLF5-1: 5′-CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG ATC AGA CAC GCG AKG GGG YRG CCT TGGG-3′ (sense, for lambda light chains of cord blood 1), rLF6: 5′-CCA TCT CAT CCC TGC GTG TCT  CCG ACT CAG ATA TCG CGA GTG CAG CCA CAG  TTCG-3′ (sense, for kappa light chains of cord blood 2),  rLF6-1: 5′-CCA TCT CAT CCC TGC GTG TCT CCG ACT  CAG ATA TCG CGA GCG AKG GGG YRG CCT TGGG-3′ (sense, for lambda light chains of cord blood 2), and  rLR1: 5′-CCT ATC CCC TGT GTG CCT TGG CAG TCT  CAG GGG CCC AGG CGG CC-3′ (antisense, for kappa and lambda light chains of both cord blood). The antisense primers for amplification of heavy (VH) and light (VL) chain variable domains target the very beginning of the 5′ ends of CH1 and CL gene fragments, respectively. The sense primers for VH and VL match the 3′ ends of the PelB and OmpA leader peptide gene sequences, respectively, which are embedded in the phagemid pComb3x and direct the translational processing of immunoglobulin sequences. The attachment of Roche A and B Multiplex Identifier (MID) adaptor sequences, MID5 "ATCAGACACG" and MID6 "ATATCGCGAG", to the sense primers allow the sequencing to start from 3′ ends and terminates at the 5′ ends of VH and VL. The gene fragments were amplified in 20 cycles of PCR using the High Fidelity PCR Master from Roche. The standard Roche 454 GS Titanium shotgun library protocol was adapted as found in the Roche sequencing technical bulletin. The Multiplex Identifier, MID-containing adaptor sequences were used for pooling, parallel sequencing of libraries, and retrieving of sequences from each sample.
IMGT/HighV-QUEST sequence data analysis
The 454 sequence data were trimmed for quality and only sequences typically of length more than 300 nucleotides, covering the antibody variable domains consisting of the three complementarity determining regions (CDR) along with framework regions (FR), were retained for the sequence analysis. A total of 91,160 unique sequences of heavy and light chains from the two cord blood samples were analyzed using IMGT/HighV-QUEST (Alamyar et al. 2010 (Alamyar et al. , 2011 . IMGT/HighV-QUEST is the high-throughput version of IMGT/V-QUEST for deep sequencing NGS data analysis resource. Details of the algorithm and method used in the tools for determining antibody functionality and identifying insertion/deletion errors, germline genes and alleles, V region mutations, CDR and junctional modification were described previously (Brochet et al. 2008; . Both tools integrate IMGT/JunctionAnalysis for a detailed and accurate analysis of the junctions Yousfi Monod et al. 2004) . Briefly, V, D, and J genes were identified by performing the global pairwise alignment against different subsets of the IMGT reference directory followed by a similarity evaluation based on alignment score and identity percentage. The identities of D and J gene alleles were determined as consecutive matches of at least more than four nucleotides occurring within the junction, and the best matches among the possible alleles were chosen. The IMGT Reference directory is from IMGT Repertoire (Lefranc and Lefranc 2001) and IMGT/GENE-DB (Giudicelli et al. 2005) . The following versions were used: "IMGT/HighV-QUEST" (version 1.0.3), "IMGT/V-QUEST" (Version 3.2.17) and "IMGT/V-QUEST reference directory release" (201048-1) used at the time of the analysis, as indicated on the IMGT/HighV-QUEST portal web site. Total numbers of productive sequences of VH and light kappa (V-KAPPA) and lambda (V-LAMBDA) domains, and unique sequences of V regions and CDR3 at the amino acid level, along with the numbers of respective unproductive sequences, are given in Table 1 . Results from the IMGT/HighV-QUEST analysis in CSV files were imported into PostgreSQL, an open source object-relational database system, and Structured Query Language (SQL) was used to retrieve the data for statistical analysis. Statistical calculations were carried out using SAS JMP9® statistical software (SAS Institute, Cary, NC, USA).
Results
Germline gene usage in human cord blood cell antibody repertoires
We investigated the germline gene usage in a large antibody repertoire of 28,169 VH and 24,530 VL domains (18,928 V-KAPPA (77%) and 5,602 V-LAMBDA (23%)) derived from human cord blood samples of two babies. The rearranged sequences selected for analysis were typically more than 300 nt in length and unique at the amino acid level with productive functionality as determined by IMGT/V-QUEST . Figure 1 shows the frequencies of the IGHV subgroups, IGHD sets and IGHJ genes in the VH domains, IGKV subgroups and IGKJ genes in the V-KAPPA, and IGLV subgroups and IGLJ genes in the V-LAMBDA for the two cord blood samples, CB1 and CB2, observed in productive and unproductive sequences. For the productive VH repertoires, all IGHV gene subgroups, IGHD sets and IGHJ genes were represented though certain preferential gene usages were noted (Fig. 1a-c) . Among the IGHV subgroups, IGHV1, IGHV3, and IGHV4 together accounted for 91.8% of the total IGHV while IGHV2, IGHV6, and IGHV7 subgroups were underrepresented with each less than 1%. No significant preferential usage among the IGHD sets and IGHJ genes existed, except for the IGHJ1 and IGHJ4 genes that were under and overrepresented, respectively. For the productive VL repertoires, all IGKV and IGLV gene subgroups were represented (IGKV1 to IGKV7, IGLV1, to IGLV10) (Fig. 1d) . However, IGKV1, IGKV2, IGKV3, and IGKV4 subgroups, and IGLV1, IGLV2, and IGLV3 subgroups were mainly used. These subgroups contributed to 76% and 22%, respectively, of the total IGKV and IGLV.
The numbers of unique sequences identified for each V gene subgroup, D gene set, and J gene in the total pool of heavy and light chain sequences including both those functionally productive and unproductive are given in Table S1 . Detailed classification of identified genes for each productive VH, V-KAPPA, or V-LAMBDA domain is given in Table 2 . IGHD genes were identified in a total of 27,854 rearranged sequences. All seven IGHD sets and 25 different IGHD genes were identified (Table 3 ). Among the 52 IGHV genes found to be rearranged in VH domains identified as productive by IMGT/HighV-QUEST (no stop codon in the V region and in-frame junction), we observed that the pseudogene IGHV3-h (no initiation codon) occurred 16 times and that four genes IGHV1-c, IGHV3-22, IGHV3-35, and IGHV3-d appeared only once. We noted that IGHV3-22, a pseudogene gene carrying a stop codon at position 67, in which a point mutation "g" to "c" changed it to tyrosine. For the VL domains, 45 IGKV and 34 IGLV genes were identified. The distribution of the IGKJ and IGLJ genes were analyzed ( Fig. 1e and f) . All five IGKJ genes were utilized in the V-KAPPA but only three IGLJ genes (IGLJ1, IGLJ2, and IGLJ3) were mostly utilized in the V-LAMBDA. The IGLJ7 gene was found only five times, and IGLJ5 and IGLJ6 were found twice for each in the rearranged V-LAMBDA. The IGLJ6 may be expressed if associated to the functional IGLC6 allele (Dariavach et al. 1987 ), whereas IGLJ5 is associated to IGLC5 which is always a pseudogene. For the unproductive VH and VL domains, we observed similar gene usages although their functionalities were affected by stop codons and out-of-frame rearrangements. We found four IGHV genes that were not seen in the productive VH domains, namely, IGHV4-55 appearing five times and other three, IGHV3-71, IGHV7-40, and IGHV7-81, were found once in the unproductive VH repertoire. It was already noted that IGHV4-55 is a pseudogene carrying a stop codon at position 39 but found to be rearranged (Brochet et al. 2008 ).
Length distributions of the CDR1 and CDR2 of the VH and VL
The complementarity determining regions CDR1 and CDR2 of the VH and VL domains are encoded by the germline genes. Their lengths are defined using the IMGT unique numbering (Lefranc et al. 2003; Lefranc 2011a ) and the IMGT Collier de Perles graphical representations (Lefranc 2011b; Ruiz and Lefranc 2002) . The length distributions of CDR1 and CDR2 of the VH, V-KAPPA, and V-LAMBDA (Fig. 2 ) reflect the usage of the different germline genes. Although this was expected, these results provide an important quality control on the sequences themselves and show how the analysis of IMGT/HighV-QUEST can be useful for sequence validation. For example, those sequences that had VH CDR1 and V-KAPPA CDR2 lengths of seven and two amino acids, respectively (bottom panel of Fig. 2a, b) do not correspond to correct germline CDR lengths and revealed the sequencing errors associated. Somatic hypermutations in the V regions of the VH and VL
The numbers of unique, mutated V regions of productive VH, V-KAPPA, and V-LAMBDA were 13,888, 12,164, and 3,948, respectively, representing 49% of VH and 66% of VL. These results unambiguously show that somatic hypermutations are present in the cord blood-derived IgM antibodies. The extensive documentation on IG germline V regions at IMGT® (Lefranc et al. 2009 ) allowed us to quantify the exact number of AA changes from the closest germline genes in the cord blood IgM antibody repertoire. We compared the number of V region AA changes present in the VH and VL domains (Fig. 3) . We did not include the mutations at the CDR3 and FR4 due to their involvement in the rearrangement process. The total number of AA changes in the V regions of the VH and VL domains ranged from 0 to 12 (Fig. 3a) . There were V regions without any AA change for 5%, 3%, and 10% of the total sequences of VH, V-KAPPA, and V-LAMBDA, respectively. Overall, about 70% of VH and VL possessed between one and five AA changes in their V region. However, the average numbers of AA changes at CDR1 and CDR2 were remarkably lower as a majority of V domains (63% of VH, 70% of V-KAPPA, and 75% of V-LAMBDA) used germline-encoded CDR1 and CDR2 and has no AA change in these regions (Fig. 3b) . In contrast, there were only about 7% of VH, 4% of V-KAPPA, and 14% of V-LAMBDA whose V region FR (FR1, FR2, and FR3) was without AA change. The average numbers of AA changes along the V-region are shown in Fig. 3c .
V-D-J junction diversity due to trimming and P and N addition
We analyzed 28,169 productive and unique VH domains, from which IGHD genes were identified for 27,845 sequences by IMGT/HighV-QUEST. The V-D-J junction diversity results from the addition of palindromic "P" nucleotides (P region), exonuclease trimming and addition of "N" nucleotides (N region) at the V→D (N1) and D→J (N2) junctions (Fig. 4) . In the V-D-J junction, P addition was observed at the 3′V, 5′D, and 5′J ends (no P region was found at the 3′D), whereas exonuclease trimming was observed at the 3′V, 5′D, 3′D, and 5′J ends. Exonuclease trimming and N regions were observed in 97% and 93%, respectively, of the VH while P regions were found in 26% of VH. Average numbers of nucleotides gained due to N regions (N1+N2) and P regions were 8.98 (±0.04) and 1.71 (±0.01), respectively. Average number of nucleotides lost due to exonuclease trimming was 15.00(±0.05). To compare these productive junctional properties with that of unproductive sequence data, we analyzed 13,803 unique unproductive VH domains for which 13,662 an IGHD gene was identifiable. We found that more than 95% of sequences exhibited N region addition and exonucleolytic loss with the average numbers of 10.98 (±0.06) and 16.44 (±0.07), respectively, while 27% of sequences had P region addition with an average value of 1.72 (±0.02) that was similar to the corresponding productive P region.
CDR3 diversity in lengths and amino acid compositions
The rearranged CDR3 (positions 105-117 according to the IMGT unique numbering) is resulting of the V-(D)-J rearrangements and largely determines the diversity of expressed VH and VL repertoires. Out of 18,928 and 5,602 unique V-J sequences of V-KAPPA and V-LAMBDA domains, respectively, 2,927 and 1,193 sequences were only found with unique CDR3 regions correspondingly. The CDR3 length distributions of V-KAPPA and V-LAMBDA ranged up to 14 amino acids but highly concentrated in between 8 and 12 (Fig. 5a, b) . In contrast, the VH repertoire contained 24,188 unique CDR3 regions out of 28,169 that were analyzed for their length diversity and AA composition. The CDR3 lengths ranged from 4 to 32 amino acids following a Poisson distribution with mean 14.03 (±0.02; Fig. 5c ). The most populated bin contained 12% of the total sequences having the CDR3 length of 13 amino acids. We examined the AA usage by calculating AA composition of all VH CDR3 sequences whose lengths ranged from 4 to 32. The average distribution of individual amino acids as percent of the total amino acids in the VH CDR3 showed the preferred AA usage for tyrosine, serine, glycine, and alanine along with charged amino acids arginine, and aspartic acid (Fig. 5d ). To identify VH CDR3 AA distribution without any length-dependent bias, positionspecific AA frequencies were calculated for the most common group of VH CDR3 sequences with the length of 13 amino acids positions 105-117 in the IMGT numbering (Lefranc 2011b; Lefranc et al. 2003 ; Fig. 5e ). At the N-terminus of VH CDR3, 97% of sequences contained an alanine (Ala A) at position 105 and mainly positively charged amino acids at position 106 with 74% arginine (Arg R) and 8% lysine (Lys K; "AR" being encoded by most germline IGHV regions). At the C-terminus of VH CDR3, phenylalanine (Phe F), aspartic acid (Asp D), and tyrosine (Tyr Y) were found in 73%, 92%, and 56% of sequences, respectively, at the three consecutive positions 115, 116, and 117 (encoded by the J region). Other hydrophobic amino acids such as leucine and isoleucine were also observed in 10% and 20% of sequences at the position 117 as compared to the previous statistical analysis of IG VH amino acid properties (Pommié et al. 2004 ). Glycine and serine were spread across the CDR where AA composition varied greatly due to alternate IGHD reading frame usage and junctional diversity due to P regions, exonuclease trimming and N regions. Cysteine were observed about 1% each at positions 107, 108, 113, and 114, which could indicate possible disulfide bridges in some VH CDR3 sequences. For the unproductive rearrangements, there were 9,937 VH CDR3 sequences ranging from 4 to 30 amino acid lengths and the most common length was 14 amino acids representing 14% of the total populations.
V-D-J rearrangement patterns in human cord blood heavy chain repertoire
We observed that 52 IGHV, 7 IGHD, and 6 IGHJ genes in productive VH repertoire containing 27,854 sequences contributed to a total of 1,430 unique V-D-J rearrangement patterns determined by IMGT/HighV-QUEST, which was 65% of the total number of possible V-D-J (52 V×7 D×6 J02,184 V-D-J). Each V-D-J pattern could refer to a distinct set of antibodies resulting from different germline-encoded alleles found with different junctions and somatic hypermutations, but sharing the same IGHV, IGHD, and IGHJ genes. We noted that the V-D-J rearrangement patterns occurred at different frequencies (Fig. 6 ). Up to 61% of V-D-J rearrangement patterns had lower frequencies, occurring between one and nine times, while the remaining 39% were found at higher frequencies ranging in between 10 and 670 times. Specifically, there were 54 V-D-J patterns that occurred more than 100 times utilizing 10 different IGHV genes, and all IGHD and IGHJ genes, except IGHJ1 (Table S3) . These frequently occurring V-D-J rearrangements contributed to the formation of 9,928 unique VH, i.e., 36% of the total VH domains found productive in cord blood repertoire. Particularly, the IGHV1-2-IGHD6-IGHJ4 rearrangement 
Discussion
We performed 454 sequencing and IMGT/HighV-QUEST analysis of the human cord blood antibody repertoire to gain insights into germline diversity and other early B cell characteristics related to VH CDR3 diversity, V-D-J rearrangement patterns, and somatic hypermutation of naturally occurring IgM, as related to somatic generation of antibody diversity (Tonegawa 1983) . Heavy and light chain sequence data sets were separately derived from the cord blood samples of two babies and then combined for the analysis (Table 1) . IMGT/HighV-QUEST analysis revealed the extended usage of all genes in heavy and light chain domains (VH, V-KAPPA, and V-LAMBDA) for both productive and unproductive transcripts (Fig. 1) . However, we noted significant preferential usage of several subgroups, IGHV1, IGHV3, and IGHV4 for VH; IGKV1, IGKV2, and IGKV3 for V-KAPPA; and IGLV1, IGLV2, and IGLV3 for V-LAMBDA. These IGHV, IGKV, and IGLV subgroup frequencies were comparable to those previously observed in 18,158 rolling circle amplified shotgun reads derived from 654 human donor IgM repertoires (Glanville et al. 2009 ).
One notable exception was in regards to the most predominant IGHV subgroup usage between IgM repertoires; 46% of the total IGHV genes used in the cord blood repertoire were found to belong to the IGHV1 subgroup, whereas the other IgM repertoires of adult and mixed populations retain the IGHV3 subgroup as the most populated subgroup (∼35% of the total IGHV genes; Glanville et al. 2009 ). This drastic shift in the IGHV subgroup usage might be due different molecular mechanisms in control of allelic exclusion or receptor editing during the B cell development (Chen et al. 1995; Koralov et al. 2006; Loffert et al. 1996; Nemazee 2006) . Nonetheless, the IGHV1 subgroup appears as one of the most dominant with germline genes being used in cord blood as well as adult IgM repertoires (Boyd et al. 2010; Glanville et al. 2009) . At the gene level, 52 IGHV genes, 45 IGKV, and 34 IGLV genes for VH, V-KAPPA, and V-LAMBDA, respectively, were identified which all contribute to the productive, expressed cord blood antibody repertoire (Table 2) . A similar gene usage was also identified in the unproductive cord blood antibody repertoire containing 54 IGHV genes, 44 IGKV, and 34 IGLV genes for VH, V-KAPPA, and V-LAMBDA, respectively. It was found that the ratio of productive to unproductive transcripts was approximately 1:2 in the cord blood repertoire except for IGHV1 and IGLJ3 genes, which had the lowest and highest ratios, respectively ( Fig. 1a and f) . Accordingly,
3' P Fig. 4 N, P regions and trimming at the variable heavy chain complementarity determining region VH CDR3. The V-D-J junctional diversity created by P region, exonuclease trimming and N region addition significantly contributes to a large VH CDR3 repertoire. The histograms show the average numbers of N and P nucleotides added at the V-D-J junctions, and the average numbers of nucleotides deleted at the 3′V, 5′D, 3′D and 5′J by exonuclease trimming the most common IGHV gene in the repertoire was IGHV1-2 which accounted for 20% of the total heavy chains. The IGKV3-20 gene was used in 24% of the total kappa chains while the IGLV2-14 gene accounted for 14% of the total lambda chains along with other genes IGLV1-40, IGLV3-1, and IGLV3-21, each contributing >10% of the total V-LAMBDA repertoire.
In the IGHD gene repertoire, IGHD1-26 and IGHD6-13 together formed about 20% of the total IGHD genes ( Table 3 ). The shortest and longest IGHD genes, IGHD7-27 and IGHD3-16, contributed to 7% and 3%, respectively. The IGHD repertoire was much larger and included some of the rare allelic variants such as IGHD3-3*02, IGHD3-10*02, and IGHD3-16*01, each appearing hundreds of times, although their existence was questioned as not seen previously (Boyd et al. 2010) . Similarly, all six IGHJ genes were expressed with multiple allelic variants, with some restriction of IGHJ1. In the case of V-KAPPA and V-LAMBDA, all five IGKJ genes were utilized in kappa chains but only three IGLJ genes were mostly utilized for lambda chains. Overall, the gene usage in the present study was addressed to an extent that had not been previously recognized and which in the earlier studies of the human cord blood repertoire was limited by sampling statistics.
The length distributions of CDR observed for the V domains of heavy and light chains (Fig. 2) reflect the extensive paratope diversity which is comparable to that found using all antibody sequences in the NCBI GenBank, IMGT/ LIGM-DB, Protein Data Bank, and IMGT/3Dstructure-DB (North et al. 2011; Zhao and Lu 2011) . Further, to investigate how much of the V germline genes were diversified by somatic mutations, we estimated that 49% of heavy and 66% of light chains had somatic hypermutations in the cord blood-derived IgM antibodies. We found that about 70% of heavy and light chains displayed between one and five AA changes in their V regions. Most of somatic AA changes were confined to the framework regions as the majority of CDR1 and CDR2 displayed no AA changes (Fig. 3) . The average number of AA changes within the FR1, FR2, and FR3 (0-2%) and CDR1 and CDR2 (<1%), indicates that mutations leading to AA changes are rare in the cord blood IgM repertoire as previously reported (Mortari et al. 1993; Ridings et al. 1997; Williams et al. 2009 ). It should be noted that the average lengths of FR are significantly higher than the CDR and that could be taken into account when calculating the mutations rates. Also, one or two amino acid residues of FR1 were not normally counted as mutations if they were located at the N terminus and might have been introduced through the degenerate primers used in the PCR cloning process as observed in a previous study . The somatic mutations observed to a lesser extent in the cord blood antibodies could have resulted from the exposure to self-antigens or placentally transferred antigens. Although the IGHV gene usage contributes to the diversity of the repertoire, the major source of diversity arises from the VH CDR3 as it involves both combinatorial and junctional diversification. During the V-D-J rearrangement leading to VH CDR3, the junctional diversity is created by palindromic P-REGION, exonuclease trimming at the 3′V, 5′D, 3′D, and 5′J ends, and non-germline encoded at random nucleotide addition (N region; Fig. 4) . The average number of N nucleotide additions in productive VH CDR3 from human cord blood is 8.98 ±0.04 which is close to that observed in CDR3 from human fetus (8.8±0.6), but less than in CDR3 from human adults (15.2±0.8); the average number of nucleotides lost due to exonuclease trimming was 15.00±0.05 in productive cord blood VH which is far less than found in human fetus and adult, approximately 25 nucleotides for each, as calculated using a total of 183 sequences in a previous study (Link et al. 2005) . Therefore, smaller degree of exonuclease trimming in cord blood when compared to the adult having that in larger might compensate the decreased usage of IGHJ6 and reduced N addition. This could possibly explain why the VH CDR3 length distribution in the IgM cord blood repertoire was similar to that of adult repertoire. Besides, the diversified cord blood heavy chain repertoire consisting of 24,188 unique sequences analyzed in this study showed moderate junctional diversity preserving most of the IGHD gene germline identities (>98%).
The junctional diversification observed through V-D-J rearrangement, P/N addition, and end trimming creates the VH CDR3 diversity with different lengths and AA compositions (Fig. 5) . A distribution of VH CDR3 lengths was found ranging from 4 to 32 amino acids which was similar to the VH CDR3 length diversity seen in the human adult IgM repertoire (Glanville et al. 2009 ). We also found a similar VH CDR3 length distribution among productive and unproductive cord blood HV repertoires though the latter had relatively increased average numbers of N nucleotide addition (10.98±0.06) and nucleotide lost (16.44±0.07). We noted that use of the longest IGHD3-16 and IGHJ6 genes was not restricted in the repertoire, and even the combination of these two longest IGHD and IGHJ genes accounted for 0.4% of the total D-J rearrangements (Table S2 ). The overall and position-specific AA frequencies along the VH CDR3 showed the characteristic amino acids typically observed in human antibodies including tyrosine, serine, glycine, alanine, and charged residues, arginine, and aspartic acid (Ehrenmann et al. 2010; Kirkham et al. 2003; Link et al. 2005) . Previously, structure-based conformation analyses of VH CDR3 loops were helpful in identifying the roles of amino acids based on their positions and in predicting the structural features from the VH CDR3 sequence (Lesk et al. 1998; Nakamura et al. 1999; Shirai et al. 1996; Tramontano et al. 1997) . Position-specific AA frequencies of VH CDR3 with lengths of 13 amino acids the most represented length in this analysis and interestingly, also the basic CDR3 length in IMGT Collier de Perles (Lefranc et al. 2003 (Lefranc et al. , 2011a Ruiz and Lefranc 2002) showed arginine and aspartic acid predominantly at positions 106 and 116 that could form a salt bridge at the base of the CDR3 loop; the carboxy termini of the VH CDR3 frequently contained phenylalanine, aspartic acid, and tyrosine at positions 115, 116, and 117, which might be due to the predominant use of the IGHJ4 in the repertoire. The other common amino acids such as tyrosine, serine, glycine, and alanine occurred in the CDR3 with varied composition. From this study, VH CDR3 lengths appear not to be restricted in neonates but AA composition may not be similar due to differences in V-D-J rearrangements, P regions, end trimming, and N regions when compared to the adult repertoire.
Out of 1,430 V-D-J rearrangement patterns observed in the cord blood repertoire, 54 dominant V-D-J patterns appeared having high sequence abundance, each appearing between 101 and 670 instances (Table S3 ). In a recent study of zebrafish antibody maturation, a similar observation was found in which the antibody repertoire was stereotyped with a few dominant V-D-J rearrangements in early stages which decreased dramatically when fish matured (Jiang et al. 2011) . However, most of the V-D-J patterns in the human cord blood had lower abundance indicating the diversity of V-D-J rearrangements. One of the most abundant V-D-J rearrangement pattern is IGHV1-2-IGHD6-IGHJ4. The overall contribution of IGHV1-2 gene was 20% in the cord blood IgM repertoire which decreased to 1.7% (Boyd et al. 2010 ) and 8% (Glanville et al. 2009 ) in adult IgM repertoires. Interestingly, the VH of one of the most broadly neutralizing anti-HIV antibodies, VRC01, was found to origin from the IGHV1-2 subgroup (Wu et al. 2011) . It was recently discovered that the IGHV1-2 gene rearrangements produce polyreactive antibodies that react against self-antigens (Warsame et al. 2011 ) which might be the reason for the loss of IGHV1-2 genes in the adult repertoires developed through the maturation process. The other predominantly appearing IGHV genes included IGHV1-69, IGHV5-51, IGHV1-8, and IGHV4-59, each accounting for 5-10% of the total VH repertoire. All those IGHV genes appeared in the respective unproductive cord blood repertoire with similar V-D-J rearrangement patterns and frequencies although some restricted gene usages found in IGHD and IGHJ genes. The frequently occurring unproductive V-D-J rearrangements patterns exclusively utilized the longest IGHJ6 in combination with IGHD1, IGHD2, IGHD3, and IGHD6.
In conclusion, using 454 sequencing and IMGT/HighV-QUEST analysis of human cord blood repertoire, we found that most of the germline genes expressed in human cord blood cell repertoires are also found in the adult ones but with differences in the extent of gene utilization, somatic mutation, and VH CDR3 composition. The findings suggest that gene usage and VH CDR3 length may not be restricted, but V-D-J rearrangements, junctional diversity due to P region, exonuclease trimming and N addition, and the level of somatic hypermutation have definitive characteristics for the cord blood cell repertoires.
